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ABSTRACT

An evaluation of El Nifio-La Nifia asymmetry is conducted in the two recent NCAR coupled models
(CCSM4 and CESM1) sharing the same ocean component. Results show that two coupled models generally
underestimate observed ENSO asymmetry, mainly owing to an overestimate of the cold SST anomaly during
the La Nifia phase. The weaker ENSO asymmetry corresponds to a cold bias in mean SST climatology that is
more severe in CESM1 than in CCSM4, despite a better performance in simulating ENSO asymmetry in the
former. Corresponding AMIP (CAM4 and CAMS) runs are examined to probe the origin of the weaker
ENSO asymmetry in coupled models. The analysis reveals a stronger time mean zonal wind in AMIP models,
favoring a cold bias in mean SST. The bias of the stronger mean wind, associated with changes in mean
precipitation, is more significant in CAMS than in CAM4. The simulated skewness of the interannual vari-
ability of zonal winds is weaker than observations but somewhat improved in CAMS5 compared to CAM4,
primarily resulting from a more westward shift of easterly wind anomalies tied to the displacement of pre-
cipitation anomalies during the cold phase. Wind-forced ocean GCM experiments confirm that the bias in
AMIP model winds can weaken ENSO asymmetry, with the contribution from the wind interannual vari-
ability being larger than from the mean winds. This demonstrates that the bias in ENSO asymmetry in coupled
models can be traced back to the bias in the stand-alone atmosphere models to a large extent. The results
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pinpoint a pathway to reduce the bias in ENSO asymmetry in coupled models.

1. Introduction

A fundamental attribute of tropical Pacific variabil-
ity is the asymmetry in equatorial SST anomalies be-
tween two extreme phases of El Nifio-Southern
Oscillation (ENSO). ENSO asymmetry results from
the fact that the SST anomalies between the two ex-
treme phases of ENSO are not mirror images of each
other. This includes the observational evidence that the
magnitude of SST anomalies over the eastern equato-
rial Pacific is larger during the ENSO warm phase
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compared to the cold phase and that there are spatial
shifts in their respective patterns, causing a nonzero
residual effect (Burgers and Stephenson 1999). Such an
ENSO asymmetry has implications for U.S. seasonal
forecasting for which ENSO is the primary skill source
(Hoerling et al. 1997; Zhang et al. 2011, 2014, 2016).
Also, given ENSO’s global impact (Ropelewski and
Halpert 1987; Kiladis and Diaz 1989; Hoerling et al.
1997; Wallace et al. 1998; Larkin and Harrison 2005;
Zhang et al. 2011, 2016), understanding the cause and
ensuring accurate simulation of ENSO asymmetry in
climate models is important for reliable projections of
climate change.

© 2017 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright

Policy (www.ametsoc.org/PUBSReuseLicenses).


mailto:tao.zhang@noaa.gov
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

9744

Causes for the asymmetry on ENSO-related tropical
Pacific SST variability are not clearly understood, but
previous studies suggested that it is likely attributed to
the nonlinear atmospheric or oceanic processes. Kang
and Kug (2002) suggested that the relatively weak SST
anomalies during La Nifia compared to those during El
Nifio are associated with a westward shift of zonal wind
stress anomalies, which is in turn due to the nonlinear
dependence of deep convection on the tropical Pacific
SST (Hoerling et al. 1997). An asymmetric wind re-
sponse to SST forcing is also argued to be responsible for
the ENSO asymmetry in later studies (Philip and van
Oldenborgh 2009; Frauen and Dommenget 2010; Choi
et al. 2013). In addition, some oceanic mechanisms have
also been proposed to account for such an asymmetry.
Vialard et al. (2001) argued that the cause for the ENSO
asymmetry is the asymmetric negative feedback owing
to tropical instability waves over the eastern Pacific,
which have a relatively stronger effect during La Nifia
than during El Nifio. Heat budget analysis of the ocean
surface layer suggests that the nonlinear vertical tem-
perature advection is a major contributor (Jin et al. 2003;
An and Jin 2004). The analysis of updated ocean as-
similation products reveals the key role of the nonlinear
zonal and meridional ocean temperature advections but
an opposite effect by the nonlinear vertical advection
(Su et al. 2010). Based on the Bjerknes stability index (a
measure of ENSO growth rate) analysis, a recent study
by Im et al. (2015) found that the growth rate of El Nifio
events is larger than that of La Nifia events and that an
increased positive dynamical feedback during El Nifio
relative to La Nifia is the major factor responsible for the
ENSO amplitude asymmetry.

The residual effect due to the ENSO asymmetry, an
indication of a nonzero forcing of the ENSO cycle, can
be rectified into the mean state (Yeh and Kirtman 2004;
Schopf and Burgman 2006; Sun and Zhang 2006; Sun
et al. 2014) and therefore is fundamentally important to
understand the decadal variability in the tropical Pacific
(Rodgers et al. 2004; Sun and Yu 2009; Choi et al. 2009).
The asymmetry in U.S. climate impacts, originating from
teleconnections driven by ENSO extremes, reveals a rec-
tified effect comprising a warmer eastern North America
than would prevail in a climate lacking extreme ENSO
variability (Zhang et al. 2016). The intensity of El Nifio is
found to affect California precipitation (e.g., Hoell
et al. 2016). However, the incapacity of simulating
ENSO asymmetry in many coupled models is mostly
caused by the underestimate of the magnitude of El
Nifio events (Zhang and Sun 2014). To provide more
realistic simulations of the extratropical climate,
climate models need to accurately simulate the
ENSO asymmetry.
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Recognizing the key role of the asymmetric charac-
teristics of ENSO in the tropical and extratropical cli-
mate, many researchers have extensively evaluated the
performance of coupled climate models in simulating
ENSO asymmetry over the past decades and found that
the underestimate of the observed ENSO asymmetry
is a prevalent problem (Burgers and Stephenson 1999;
Hannachi et al. 2003; An et al. 2005; van Oldenborgh
et al. 2005; Sun et al. 2013,2016). However, those studies
do not address the relationship of this bias in ENSO with
other features of the climate in component models,
through which we can isolate the sources of biases in
climate models and better understand the cause for the
biases in ENSO asymmetry. Zhang et al. (2009) ana-
lyzed the coupled runs of five successive versions of the
Community Climate System Model (CCSM) as well as
their corresponding atmosphere-only (AMIP) runs and
noted a dependence of the strength of the simulated
ENSO asymmetry on the utilized convective scheme.
Regardless of model generation, however, Zhang et al.
(2009) found an underestimate in ENSO asymmetry in
all studied NCAR coupled models. This continues to
be a systematic bias occurring across many other mod-
eling systems. In a recent study examining the multiple
coupled models constituting CMIP5 (Taylor et al. 2012),
Zhang and Sun (2014) evaluated 14 different models
together with their corresponding AMIP runs and
showed that an underestimate of the ENSO asymmetry
is a common bias in these state-of-the-art climate
models. With the aid of wind-forced ocean GCM ex-
periments, they suggested that the weaker ENSO
asymmetry originates partially from the atmospheric
processes.

The findings of Zhang and Sun (2014) are based on the
numerical experiments forced by a multimodel ensem-
ble mean of AMIP winds. It is unclear whether these
findings are a symptom of error cancelations in the
multimodel mean or will also hold for individual models.
In addition, it is hard to compare the effect of wind
biases among models since CMIP5 coupled models have
different ocean components as well. The contributions
from different ocean components to ENSO asymmetry
may not be the same because they may have a different
oceanic response to the same wind stress. Therefore, the
cause for the weakened ENSO asymmetry in climate
models remains elusive, and a pathway for model im-
provement is not yet evident.

In the present study, we evaluate the ENSO asym-
metry in the two latest CCSM models [Community
Climate System Model, version 4 (CCSM4), and Com-
munity Earth System Model, version 1 (CESM1)] that
have the same ocean component. We extend the study of
Zhang and Sun (2014) to further address the impact of
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atmospheric processes on ENSO asymmetry with the
purpose of obtaining more insights into the possible
cause for the bias in ENSO asymmetry. The results may
help to point toward a pathway to reduce the bias in the
simulation of ENSO asymmetry in coupled models. The
observational and model datasets as well as the meth-
odology of our analysis are described in section 2.
Section 3 first presents the analysis of ENSO asym-
metry in two coupled models and then the asymmetry
in the corresponding AMIP runs. Last, forced ocean
model experiments driven by individual AMIP winds
are performed to understand the effect of bias in the
atmospheric response on ENSO asymmetry. Conclu-
sions and a discussion are given in section 4.

2. Data and methods

We evaluate the ENSO asymmetry in historical sim-
ulations of the two latest NCAR coupled models ar-
chived at CMIP5 datasets (Taylor et al. 2012), which
include CCSM4 (Gent et al. 2011) and CESM1 (Hurrell
et al. 2013). Both CESM1 and CCSM4 utilize the Los
Alamos National Laboratory (LANL) Parallel Ocean
Program, version 2 (POP2; Smith et al. 2010), as the
ocean model component. The atmospheric component
of CCSM4 is the Community Atmosphere Model, ver-
sion 4 (CAM4; Neale et al. 2013), while that of CESM1 is
the Community Atmospheric Model version 5 (CAMS;
Neale et al. 2012). Both atmospheric components are
run at ~1° horizontal resolution but at different vertical
levels, with 26 levels in CAM4 and 30 levels in CAMS.
Except for the Neale et al. (2008) deep convection
scheme, CAMS has been modified significantly with
a range of enhancements and improvements in the
parameterizations of physical processes since CAM4.
These key changes include the new parameterizations of
shallow convection, radiation, boundary layer, cloud
microphysics, and aerosols (Neale et al. 2012; Hurrell
etal.2013; Meehl et al. 2013). A new shallow convection
scheme (Park and Bretherton 2009), which uses a re-
alistic plume dilution equation and closure that accu-
rately simulates the spatial distribution of shallow
convective activity, is incorporated in CAMS to replace
the Hack (1994) scheme in CAM4. The radiation
scheme has been updated from the schemes of Collins
(2001) and Collins et al. (2002) to the Rapid Radiative
Transfer Method for GCMs (RRTMG) and employs an
efficient and accurate correlated-k method for calcu-
lating radiative fluxes and heating rates (Iacono et al.
2008). In addition, CAMS uses a new moist turbulence
scheme (Bretherton and Park 2009) for the replacement
of Holtslag and Boville (1993) scheme used in CAM4.
Stratiform microphysical processes are represented by a
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prognostic, two-moment formulation for cloud droplet
and cloud ice and liquid mass and number concentra-
tions (Morrison and Gettelman 2008) in place of the
single-moment (Rasch and Kristjansson 1998) scheme
used in CAM4. The indirect aerosols effects are not in-
cluded in CAM4, but they can be estimated with CAMS
using the new aerosol scheme (Liu et al. 2012).

To quantify the impact of changes in the parameteri-
zation schemes on the ENSO asymmetry, we diagnose
the skewness of simulated SST anomalies in the two
coupled models as in previous studies (Zhang et al. 2009;
Zhang and Sun 2014). Also, composites of El Nifio and
La Nifia are constructed to determine which ENSO
phase contributes most to the ENSO asymmetry bias.
Furthermore, we will apply an alternative approach to
measure ENSO asymmetry based on the SST residual
defined as the sum of the composite anomalies between
two phases of ENSO. The comparison of these two ap-
proaches (skewness and residual) will reveal the ro-
bustness of the results. These approaches will also be
applied to other model and observational variables in-
cluding precipitation and surface zonal wind stress.

The observational data used for model evaluation are
the same as those used by Zhang et al. (2009) and Zhang
and Sun (2014). The SST data are from the Hadley
Centre Sea Ice and SST dataset (HadISST; Rayner et al.
2003). The wind stress data are obtained from the Sim-
ple Ocean Data Assimilation (SODA) set (Carton and
Giese 2008). Observations of precipitation are obtained
from the Climate Prediction Center (CPC) Merged
Analysis of Precipitation (CMAP; Xie and Arkin 1997).

In addition to examining the asymmetry in coupled
models, we will also evaluate the corresponding AMIP
simulations from CAM4 and CAMS to determine
whether the ENSO asymmetry biases can be traced back
to the atmospheric origins—in particular the tropical
winds. Subsequently, to verify the impact of atmospheric
processes on ENSO asymmetry, the NCAR Pacific basin
model (Gent and Cane 1989), which simulates well the
observed characteristic of ENSO (Sun 2003; Sun et al.
2004; Sun and Zhang 2006; Sun et al. 2014; Zhang and
Sun 2014), will be utilized to perform a suite of specifi-
cally designed ocean experiments driven by CAM4 and
CAMS AMIP wind fields, respectively.

3. Results
a. Asymmetry in CCSM4 and CESM1 coupled runs

A quantitative measure of the ENSO asymmetry re-
veals that in general the two NCAR models un-
derestimate the observed ENSO asymmetry. Figure 1
shows the skewness of Nifio-3 SST anomalies from
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FIG. 1. The (a) standard deviation and (b) skewness of monthly Nifio-3 SST anomalies from
observations and coupled model simulations. The length of data for computing the standard
deviation and skewness is 56 yr (1950-2005). The figure shows the mean of the samples and the
standard deviation across the samples (eight members from CCSM4 and four members from

CESM1 in CMIP5 datasets).

observations and the two models, together with their
variance. Measured by the variance of Nifio-3 SST, the
simulated ENSO in the two NCAR models is as strong
as in observations. In comparison, the variability of
ENSO in CCSM4 is somewhat stronger while that in
CESM1 is more comparable to observations. Measured
by the skewness of Nifio-3 SST, however, the two models
simulate an overall weaker than observed positive
ENSO asymmetry. By contrast, the bias of the un-
derestimate of the Nifio-3 SST skewness is more prom-
inent in CCSM4 but somewhat improved in CESMI1.
The results support previous findings based on CMIP5
models that the stronger ENSO variability does not
guarantee a stronger ENSO asymmetry (Zhang and
Sun 2014).

The bias in ENSO asymmetry could be linked to the
bias in mean SST state. Figure 2 indicates that the weak
ENSO asymmetry in the two models corresponds to a
cold bias in the mean SST climatology, which is a
prevalent problem in coupled models (Sun et al. 2006;

Zhang et al. 2009; Zhang and Sun 2014; Sun et al. 2016).
Interestingly, despite an improvement in the simulation
of ENSO asymmetry, the cold bias in mean SST state is
more worrisome in CESM1 relative to CCSM4, as the
former has a stronger (above 1°C) cold bias that extends
far westward.

The skewness map of SST anomalies shows that there
is a positive skewness over the eastern tropical Pacific in
observations, indicating that the observed SST anoma-
lies in the eastern Pacific are skewed toward warm
events (Fig. 3a). The two coupled models simulate the
pattern of observed positive SST asymmetry over
the eastern Pacific (210°-270°E, 10°S-10°N), where the
pattern correlation with observations is about 0.65 in
CCSM4 and 0.70 in CESM1, respectively (Figs. 3b,c).
However, the magnitude is somewhat underestimated
especially in CCSM4, consistent with the skewness re-
sults shown in Fig. 1. We also note that the stronger SST
skewness in CESM1 extends too far westward, along
with a wider meridional extension than in CCSM4. To
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FIG. 2. (a) The difference between observations and ensemble mean SST annual climatology
from CCSM4 and (b) the difference between observations and ensemble mean SST annual
climatology from CESM1. The length of data for computing is 56 yr (1950-2005).

examine the robustness of the results, we have con-
structed the composites of warm events and cold events
and used the sum of the SST anomalies between two
phases of ENSO as SST residual effect to get an alter-
native measure of ENSO asymmetry (Figs. 3d—f). The
SST residual results are found to be similar to the SST
skewness map, although the former is based on linear
calculation and the latter is based on nonlinear calcu-
lation (Burgers and Stephenson 1999; Hannachi et al.
2003; An et al. 2005; van Oldenborgh et al. 2005; Zhang
et al. 2009; Zhang and Sun 2014; Sun et al. 2013, 2016).
This confirms the impression that in general the two
NCAR models underestimate the observed positive
ENSO asymmetry over the eastern tropical Pacific. The
slight improvement in the simulation of ENSO asym-
metry in CESM1 relative to CCSM4 is mostly due to a
wider meridional extension and a far-westward shift. To
better understand the cause for the underestimate of the
skewness in the two coupled models, the probability
distribution function (PDF) pattern of Nifo-3 SST
anomalies from observations and coupled models is
displayed (Fig. 3g). The observed maximum positive
anomalies can reach about 3.5°C, but the maximum
negative anomalies are about —2°C, in agreement with
the observed positive skewness (Fig. 1). The two models
can capture the observed maximum positive anomalies
and even have somewhat larger probability of the

occurrence for a band of warm anomalies ranging from
0.5° to 3.5°C. The magnitude of the maximum cold event
anomalies is overestimated in the two models (about
1°C colder than observations). It can also be seen that
the probability of strong cold anomalies (from —3°
to —1.25°C) in CCSM4 is higher than that in CESM1.
The results indicate that the overestimate of the cold
anomalies is the major cause for the weaker ENSO
asymmetry in the two coupled models.

To further explore whether the cold phase of ENSO
contributes most to the bias of ENSO asymmetry, we
investigate the spatial distribution of composite anom-
alies during two phases of ENSO (Fig. 4). In observa-
tions, the positive SST anomalies associated with warm
events extend farther to the South American coast and
have a relatively larger magnitude compared to the
negative SST anomalies associated with cold events,
resulting in a stronger ENSO asymmetry over the east-
ern Pacific as noted earlier (Fig. 3). The observed max-
imum warming center around 110°W during El Nifio
events is well captured in the two models, but the un-
derestimate of the warm SST anomaly in the coastal
regions (100°-80°W) is evident in CESM1. The observed
negative SST anomaly during La Nifia events is some-
what overestimated (about 0.2°~0.4°C) in the models,
especially in CCSM4. Therefore, our analysis further
supports the argument that the overestimate of the
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observed negative SST anomaly during the cold phase of
ENSO is the major contributor to the weak ENSO
asymmetry in the NCAR models, in agreement with the
previous PDF results. The relatively larger ENSO
asymmetry in CESM1 than in CCSM4 is also mainly due

to the improvement of the simulation during the cold
phase (see also Fig. 3g). This is because the Nifio-3 SST
warm anomaly in CCSM4 is even slightly stronger
(about 0.07°C) than in CESM1, which would imply a
greater ENSO asymmetry in the former. However, the
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FIG. 4. The spatial distributions of composite SST anomalies from observations and coupled models during
(a)—(c) the warm phase and (d)—(f) cold phase of ENSO. (g)—(1) Corresponding anomalies for zonal wind stress.
The length of data used in the calculation is 56 years for all the models and observed SST (1950-2005) and 50

years for SODA zonal wind stress (1959-2008).

bias in the Nifio-3 SST cold anomaly in CCSM4 is
somewhat larger (about 0.10°C) than in CESM1. There-
fore, the relatively larger (about 50%) difference in SST
anomaly between the two models during the cold phase
compared to the warm phase is likely the major factor

responsible for the weaker ENSO asymmetry in CCSM4
relative to CESM1. A systematic bias is found in the two
coupled models that have strong warm and cold anoma-
lies extending too far to the west in contrast
to observations during two phases of ENSO. This
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westward extension bias is also noted in the mean SST
state of the two models that have an excessive cold tongue
(Fig. 2).

The pattern of SST anomalies during two phases of
ENSO is closely tied to the pattern of surface wind stress
anomalies. In line with the magnitude asymmetry of
ENSO in reality, observations show a relatively larger
maximum westerly wind stress anomaly during El Nifio
events than the corresponding easterly wind stress
anomaly during La Nifa events in the central Pacific
(Figs. 4g,j). Furthermore, the observed center of the
equatorial zonal wind stress shows a westward shift
during the cold phase relative to the warm phase, lo-
cating at about 170°W during the warm phase and at 180°
during the cold phase. Despite the incapability in cap-
turing the location of observed maximum centers, the
two coupled models reproduce well the magnitude
asymmetry of zonal wind stress anomalies between two
phases of ENSO (Figs. 4h,i,k,l). Accompanied with the
westward extension of SST anomalies during two phases
of ENSO, zonal wind stress anomalies in the two models
also extend to the far-western Pacific having a larger
magnitude than observations. Assuming a similar sen-
sitivity of the ocean to surface wind anomalies between
models and observations, the overly strong zonal wind
stress anomalies in the western Pacific may result in an
enhanced zonal current and thus produce an efficient
zonal temperature advective feedback that causes an
excessive warming (cooling) in the west-central Pacific
during El Nifio (La Nifia) events. Based on CMIPS5
multimodel-mean results, Taschetto et al. (2014) found a
similar linkage between the bias in zonal wind stress
anomalies over the western Pacific and the bias in SST
anomalies during two phases of ENSO. We also note
that during the cold phase CESM1 has the relatively
weaker and more westward-displaced easterly wind
anomalies compared to CCSM4, which is likely re-
sponsible for the relatively weaker negative SST
anomalies in the former. The results suggest that the
intensity and location of wind stress anomaly may be key
factors for improving the asymmetry between El Nifio
and La Nifla events.

b. Asymmetry in CAM4 and CAM5 AMIP runs

The above analysis links the bias in SST field to the
bias in zonal wind stress field in coupled models. How-
ever, the cause for the bias in the complex coupled sys-
tem is difficult to identify because of the strong
feedbacks of the tropical Pacific ocean—atmosphere
system. Is the bias in the SST field a consequence of
the bias in zonal wind stress field or the cause of the
latter? To answer this question, and more generally to
explore the causes of ENSO asymmetry, we conduct the
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composite analysis from the corresponding AMIP runs
of CCSM4 and CESM1 that are forced with the ob-
served SST boundary conditions and attempt to explore
whether the bias in coupled models can be traced back
to the bias in the stand-alone atmosphere models.

We have calculated the spatial pattern of skewness of
interannual zonal wind stress anomaly from observa-
tions and AMIP runs of the two models (Fig. 5). The
AMIP runs involve subjecting the atmospheric compo-
nent of the two coupled models to the observed SST
variability and thus having identical ENSO asymmetry
to that in observations. Results show that in observa-
tions, there is a broad positive skewness of zonal wind
stress over the tropical Pacific with the maximum center
locating in the central Pacific (Fig. 5a). Although the
SSTs now are the same as those observed, the skewness
of zonal wind stress is notably weaker in the two AMIP
models (Figs. 5b,c). In contrast to CAM4, CAMS in-
creases the simulated zonal wind stress skewness across
the equatorial Pacific, where the improvement of central
Pacific wind stress skewness is evident (Fig. 5d). This
may explain in part why the above-mentioned coupled
models generally have a weaker ENSO asymmetry and
CESM1 has a relatively larger SST skewness compared
to CCSM4 (Fig. 1).

To understand the difference in the skewness map of
zonal wind stress between AMIP runs and observations,
we examine their spatial distributions of composite
anomalies of zonal wind stress and precipitation during
two phases of ENSO (Fig. 6). Both models capture the
observed maximum magnitude of zonal wind stress over
the central Pacific during El Nifio and La Nifia events
(Figs. 6a—f). However, unlike observations that have an
approximately 10° shift between two phases of ENSO,
the simulated maximum centers seem to be locked at the
location of about 170°W in the models. The lack of the
shift of the maximum wind stress centers between two
phases of ENSO may be responsible for the weaker
skewness of zonal wind stress in the models. A close
examination of zonal wind stress anomaly over the
western Pacific reveals that CAMS has a more westward
shift of easterly wind anomaly compared to CAM4 (in-
dicated by green lines shown in Figs. 6e,f) during the
cold phase, favoring an increase in the skewness of zonal
wind stress. Such a shift is also evident in the corre-
sponding coupled models (Figs. 4k,1).

The asymmetric response of zonal wind stress to
ENSO is linked to the nonlinear dependence of the
deep convection on SST (Kang and Kug 2002; Zhang
et al. 2009). We have examined the composite pre-
cipitation anomalies from observations and AMIP runs
during two phases of ENSO (Figs. 6g-1). Aligned with
the displacement of zonal wind stress, the observed
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semble mean from CESM1 AMIP runs in CMIP5 datasets.
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Green and red lines indicate the positions that the equatorial easterly wind anomalies and negative precipitation
anomalies can reach, respectively. The length of data used in the calculation is 27 years (1979-2005).

precipitation anomaly shows an obvious spatial shift
between two phases of ENSO. Similar to the difference
in zonal wind stress, the negative precipitation anom-
aly during the cold phase in CAMS extends westward
by about 5° relative to CAM4 (indicated by red lines

shown in Figs. 6k,1). In contrast to observations, the
positive precipitation anomalies over the central Pa-
cific during the warm phase tend to shift eastward and
northward in the two models. A similar feature is also
visible in the zonal wind stress during the warm phase.
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In addition to the bias in the variability of zonal wind
stress, AMIP models also have biases in the time-mean
states. Figure 7 shows that CAM4 has stronger mean
winds than observations over most regions of the
equatorial Pacific, especially over the equatorial eastern
Pacific (Fig. 7a). The bias of stronger mean winds is
more severe in CAMS, which also has a stronger equa-
torial mean wind than CAM4 (Figs. 7b,c). This may
contribute to the cold bias of mean SST states in the two
coupled models and the relatively larger bias in CESM1
(Fig. 2). The effect of bias in mean winds on the bias in
mean SST state will be further examined by conducting
numerical experiments in the following subsection.

The stronger mean winds in CAMS with respect to
CAM4 are linked to the difference in mean precipitation
between the two models, which is characterized with
generally more precipitation over the warm pool region
and less precipitation over the eastern Pacific in the
former (Fig. 7d). Therefore, there is an east-west
asymmetry in the mean precipitation difference be-
tween the two models, and the resulting excessive zonal
latent heating gradient associated with zonal pre-
cipitation gradient may drive the stronger mean winds in
CAMS (Lin 2007).

To further examine the evidence for the linkage be-
tween the difference in mean precipitation and the dif-
ference in mean zonal winds, we have utilized a linear
baroclinic model (LBM) (Peng and Whitaker 1999) to
perform numerical experiments. The LBM is driven by
an idealized tropical heating anomaly pattern similar to
the mean precipitation difference between the two
models and imposed on a climatological annual basic
state, in order to address the possible cause of climato-
logical wind differences that could result from mean
precipitation changes. The response of the LBM to the
forcing of tropical heating anomaly is similar to the
difference in mean zonal wind stress between the two
models over most regions of the equatorial Pacific,
where a broad easterly wind is dominant (Fig. 7f vs
Fig. 7c). This supports the argument that changes in
mean precipitation from CAM4 to CAMS may con-
tribute to the deterioration of mean equatorial zonal
winds in CAMS.

c¢. Wind-forced ocean GCM experiments

To examine the effect of biases of mean model winds
associated with convection in AMIP runs on the trop-
ical SST mean state, we use individual model mean
winds to drive the NCAR Pacific basin model (Sun and
Zhang 2006; Zhang and Sun 2014) and perform the
spinup runs without ENSO for a short-term in-
tegration. The results are compared with the similar
runs but forced by observed mean winds (Fig. 8). These
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short-term experiments will be used to understand
whether the model climatological winds trigger an
initial cold bias in mean SST, which helps to isolate the
time scales of bias development and the responsible
processes. Numerical experiments indicate that the
model mean winds tend to cause a colder mean SST
state. The CAMS model winds trigger a much colder
mean SST state, and this cold bias can be further am-
plified in coupled models as seen in Fig. 2.

We have also utilized the NCAR Pacific basin model
to carry out the parallel runs with ENSO to explore the
relative importance of biases in mean wind stress and
biases in the variability of interannual wind from the two
AMIP runs to the simulation of ENSO asymmetry. By
expanding the experiment design of Zhang and Sun
(2014) to the individual AMIP models (Table 1), the
present numerical experiments provide a better un-
derstanding of the effect of atmospheric processes on
ENSO asymmetry in the two coupled models that share
the same ocean component. First, as a baseline, a forced
ocean experiment will be run in which both climato-
logical winds and interannual variability of winds are the
same as those from observations (experiment 1). To
understand the effect of biases in mean winds, we then
replace the observed climatological winds with CAM4
and CAMS climatological winds, respectively, but keep
the observed interannual anomalies of winds unchanged
in the experiments (experiments 2a and 2b). Sub-
sequently, to further examine the role of modeled in-
terannual anomalies of winds on ENSO asymmetry, we
use the actual model winds from CAM4 and CAMS that
include the simulated climatology and interannual
anomalies to drive the ocean (experiments 3a and 3b).
Finally, to investigate the role of observed climatologi-
cal winds, we replace the CAM4 and CAMS climato-
logical winds with the observed counterpart but keep the
interannual anomalies of model winds unchanged in the
experiments (experiments 4a and 4b).

Table 1 shows the standard deviation and skewness of
the interannual variability in Nifio-3 SST from seven
forced ocean runs with the NCAR Pacific basin model.
We have tested the model for its suitability and found
that when driven by observed winds (experiment 1) the
NCAR Pacific basin model realistically reproduces the
observed skewness of Nifo-3 SST anomalies (see also
Zhang and Sun 2014). Compared to the skewness value
in the run by observed winds (1.20 in experiment 1), the
skewness in the runs forced by full model winds from
CAM4 (0.57 in experiment 3a) and CAMS (0.79 in ex-
periment 3b) is underestimated by about 53% and 34 %,
respectively, together with a reduced variability. We
also note that there is a relatively larger skewness in the
run forced by CAMS full winds than by CAM4 full
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TABLE 1. Standard deviation and skewness of the interannual variability in Nifio-3 SST from seven forced ocean model experiments.
The mean as well as the anomaly part of the surface winds used in these experiments are listed. The length of wind data used in the forced
runs is 27 yr for both SODA wind stress and AMIP runs (1979-2005).

Surface wind stress

Statistics of Nifio-3 SSTA

Experiment ID (label in figures) Climatology Anomaly Skewness Standard deviation (°C)
Experiment 1 Observation Observation 1.20 0.83
Experiment 2a CCSM4 AMIP Observation 1.10 0.80
Experiment 2b CESM1 AMIP Observation 1.06 0.75
Experiment 3a CCSM4 AMIP CCSM4 AMIP 0.57 0.68
Experiment 3b CESM1 AMIP CESM1 AMIP 0.79 0.65
Experiment 4a Observation CCSM4 AMIP 0.73 0.73
Experiment 4b Observation CESM1 AMIP 1.09 0.74

winds, consistent with what we have found in the two
coupled models (Fig. 1). The results demonstrate that
the bias in coupled systems can be revealed in the bias
inherent in the stand-alone atmosphere models. The
comparison between the runs using the same observed
wind anomaly but different wind climatology (experi-
ments 1, 2a, and 2b) shows that the bias in the CAM4
(CAMS5) wind climatology contributes to about 15%
(30%) of the reduction in ENSO asymmetry, implying a
dominant role of the bias in simulated wind interannual
anomalies. Note that the contribution from the bias in
CAM4 wind climatology to the reduction in ENSO
asymmetry is relatively small compared to that from the
bias in CAMS wind climatology. This is expected be-
cause the bias in the mean winds in CAM4 is not as large
as in CAMS (Fig. 7). Interestingly, accompanied with an
enhanced variability, the skewness values have also in-
creased in the runs with observed wind climatology but
keeping the model wind interannual anomalies (exper-
iments 4a and 4b) relative to the runs with full model
winds (experiments 3a and 3b). The results suggest that
the improvement of mean winds will help to increase the
simulation of ENSO asymmetry.

The effect of the bias in the mean winds on the tropical
mean SST state also shows up in the runs with ENSO
(Fig. 9). Compared to the effect in the runs without
ENSO (Fig. 8), there is a much cooler warm pool in
addition to an excessive cold tongue in the runs with
ENSO. The distinct difference over the warm pool may
manifest as the rectification effect of ENSO (Sun et al.
2014). A comparison of the SST differences in the bot-
tom two rows of Fig. 9 (Figs. 9b,c,e,f) shows that the
tropical Pacific SST tends toward a warming state when
the model wind climatology is replaced with the ob-
served counterpart. Linked to the difference in the
skewness value (Table 1), the results indicate that a
warmer mean SST state is in favor of the increase of
ENSO asymmetry.

To better understand the skewness value listed in
Table 1, Fig. 10 and Fig. 11 display the differences in

composite SST anomalies of six sensitivity experiments
from reference experiment 1 for the warm phase and the
cold phase of ENSO, respectively. The magnitude of
equatorial cold SST anomalies in the run forced by full
CAM4 winds is much stronger than in the run by full
CAMS winds during the cold phase (Figs. 11b,e), while
the difference in the SST warm anomalies between two
runs forced by full model winds is relatively smaller
(Figs. 10b,e). A quantitative measure of the Nifio-3 SST
anomaly difference reveals that the cold SST anomaly
difference between these two runs is about 0.09°C, more
than double the corresponding warm SST anomaly dif-
ference (about 0.04°C). This indicates that the difference
in SST skewness between the two runs by full AMIP
model winds mainly arises from the difference in nega-
tive SST anomalies during the cold phase of ENSO,
which is also the dominant ENSO phase responsible for
the difference in ENSO asymmetry from the two cor-
responding coupled models (Figs. 3 and 4).

We note that the SST warm anomalies are somewhat
underestimated in the two runs by full model winds
compared to those in the run by observed winds
(Figs. 10b,e). This may result from the AMIP zonal
wind stress bias that the westerly wind anomaly is posi-
tioned too far to the west along with a significant easterly
wind anomaly in the far-eastern Pacific during the warm
phase (Figs. 6a—c), similar to the problem noted in CMIP5
models (Zhang and Sun 2014). The comparison between
experiment 3a and 3b and experiment 4a and 4b shows
that a warmer SST mean state induced by observed mean
winds can improve the simulation of ENSO asymmetry
by increasing the magnitude of SST warm anomalies
(Figs. 10b,c,e,f), as is particularly evident in the change
from experiment 3b to experiment 4b due to the quite
different wind climatology used.

4. Summary and discussion

To further explore the impacts of atmospheric pro-
cesses on ENSO asymmetry, we have extended the
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FIG. 9. Time-mean SST difference of (a)—(c) experiments 2a, 3a, and 4a and (d)—(f) experiments 2b, 3b, and 4b from
experiment 1.

analysis of the ENSO asymmetry in CMIPS5 models
(Zhang and Sun 2014) to the latest two NCAR
models—CESM1 and CCSM4. CESM1 has the same
ocean component as CCSM4, with the biggest change
occurring in the atmosphere component model.
Therefore, our analysis will isolate the effects from
atmospheric biases on ENSO asymmetry and help to
identify the factors responsible for the improvement of
ENSO modeling.

Our evaluation shows that in general an un-
derestimate of the observed positive ENSO asymmetry
measured by the skewness of Nifio-3 SST anomalies
remains a problem in the two latest NCAR coupled

models. The weaker ENSO asymmetry is more prom-
inent in CCSM4. By comparison, CESM1 is getting
closer to the observations than CCSM4 in the simulation
of ENSO asymmetry. The weaker ENSO asymmetry in
the two models corresponds to a cold bias in the mean
SST climatology as noted in many coupled models (Sun
et al. 2006; Zhang et al. 2009; Zhang and Sun 2014; Sun
et al. 2016). Interestingly, the cold bias in the mean SST
state is more profound in CESM1 than in CCSM4, al-
though the former shows an overall improvement in
simulating the ENSO asymmetry. Different from most
CMIP5 models in which the weaker SST anomaly as-
sociated with the warm phase of ENSO is the main
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FIG. 10. As in Fig. 9, but for the difference in the SST anomaly during the warm phase.

contributor to the weak ENSO asymmetry (Zhang and
Sun 2014; Sun et al. 2016), the two NCAR models sim-
ulate well the SST anomaly during the warm phase of
ENSO. However, the negative SST anomaly during the
cold phase of ENSO is too strong, especially in CCSM4,
leading to the weak ENSO asymmetry in the models.
The relatively larger ENSO asymmetry in CESM1 rel-
ative to CCSM4 also primarily results from the reduced
bias in the negative SST anomaly during the cold phase
of ENSO.

The analysis of the zonal wind stress and precipitation
from the corresponding AMIP runs is further presented
to understand whether the bias in the coupled models
can be linked to the bias in the stand-alone atmosphere

models. We have found that the two NCAR AMIP
models have a weaker skewness of zonal wind stress
than observations, even if the SST forcing has identical
ENSO asymmetry as observed. Compared to CAM4,
CAMS has a broad increase in the simulation of zonal
wind stress skewness across the equatorial Pacific,
mainly due to a more westward shift of easterly wind
anomaly along with a slight westward shift of the nega-
tive precipitation anomaly during the cold phase of
ENSO. The discrepancy in the skewness of zonal wind
stress in AMIP models may be responsible for the gen-
erally weaker ENSO asymmetry in the corresponding
coupled models (CCSM4 and CESM1) and the im-
provement in simulating ENSO asymmetry in CESM1.



1 DECEMBER 2017

ZHANG ET AL.

Difference in SST anomaly for cold phase

a a — -

EXP 2 EXP 1 d EXP 2b EXP 1
20N 20N —
15N 15N M
10N 10N-%{ 4

&
5N SN 1 b
i *e N ]

EQ ) EQ 'ty . '
55 v AgY 5s-§"m)\ P4
10S ' \ 10s {7 N .
158 : 1551 (P, 8
20S

120E 140E 160E 180 160W140W120W100W 80W

20S —
120E 140E 160E 180 160W140W120W100W 80W

(b)  EXP 3a — EXP 1 ()  EXP 3b — EXP 1

20N 20N —

15N 15N 4, a4 v

10N 10N-%¢\b | ’\

5N sN{

EQ EQ ! .¢' by LYW

5S 53-"‘%}{9

108 10847 .

158 155+ il A

205 4——& oo W i 205 4—— S
120E 140E 160E 180 160W140W120W100W 80W 120E 140E 160E 180 160W140W120W100W 80W

2082

EXP 4b — EXP 1

|

15N
10N
5N
EQ
5S
108
1588

4

20S—— e
120E 140E 160E 180 160W140W120W100W 80W

205 ¥——— L
120E 140E 160E 180 160W140W120W100W 80W

°C)

-0.4-0.5-0.2-0.1 O

0.1

0.2 0.3 0.4 0.5

FIG. 11. As in Fig. 9, but for the difference in the SST anomaly during the cold phase.

We have also found that there is a stronger time mean
equatorial zonal wind in the AMIP runs. By comparison,
the bias of the stronger mean wind is more significant in
CAMS than in CAM4. The stronger mean winds in the
former are accompanied with the changes in mean
precipitation between the two AMIP models, featuring
overall more (less) precipitation over the warm pool
(cold tongue) region. The numerical experiment with a
linear baroclinic model shows that the east-west asym-
metry in the mean precipitation difference can drive the
stronger mean winds in CAMS model. This is because
the excessive zonal latent heating gradient associated
with zonal precipitation gradient may generate the
stronger zonal pressure gradient force, which in turn
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produces the stronger mean winds (Lin 2007). The
stronger tropical mean winds in CAMS may contribute
to the significant cold bias in SST mean state noted in
CESM1 coupled runs. This argument is supported by the
wind-forced ocean GCM experiments without ENSO,
which indicate that the stronger climatological winds in
CAMS will trigger a stronger initial cold bias in mean
SST. The stronger mean winds in CAMS induced by
changes in the mean precipitation distribution between
the two AMIP models may be associated with the
replacement of the Hack (1994) scheme used in CAM4
by the new shallow convection scheme (Park and
Bretherton 2009) incorporated in CAMS. On the other
hand, the change in shallow convection scheme from
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CAM4 to CAMS seems to improve the simulation of
precipitation anomaly associated with ENSO, especially
for the cold phase. The simulation of wind stress
anomaly linked to the precipitation anomaly is therefore
improved in CAMS, which has an increased skewness of
interannual wind anomaly. A separate study is necessary
to verify whether it is true that the update of shallow
convection scheme deteriorates the simulation of trop-
ical mean winds but improves the simulation of in-
terannual wind anomaly, given the fact that there have
been a number of other changes in parameterizations
from CAM4 to CAMS (see section 2).

The relative importance of biases in the mean and
interannual variability of winds from the two AMIP runs
to the simulation of ENSO asymmetry is explored based
on wind-forced ocean model experiments with ENSO.
The numerical experiments demonstrate that the bias in
AMIP model winds can weaken ENSO asymmetry, with
the contribution from the wind interannual variability
being larger than from the mean winds. This implies that
the weaker ENSO asymmetry in coupled models may
originate from the bias in the stand-alone atmosphere
model. We also note that the ENSO asymmetry in the
run forced by CAMS full winds is relatively greater than
in the run by CAM4 full winds. Considering the rela-
tively larger ENSO asymmetry in CESM1 than in
CCSM4 and the same ocean component used in the two
coupled models, our analysis pinpoints the pathway of
improving ENSO asymmetry to the simulation of trop-
ical Pacific winds in the stand-alone atmosphere model.

It has been suggested that there is a linkage between
the ENSO asymmetry and tropical mean state (Sun et al.
2013, 2016). Zhang and Sun (2014) found that the
warmer SST mean state will facilitate the increase of
ENSO asymmetry by enhancing the SST warm anoma-
lies, which is also confirmed in the present extended
study. In addition to the effect of tropical mean winds
and the resulting tropical SST mean state, the effect of
wind interannual variability is also important to the
simulation of ENSO asymmetry. We note that CAMS
has a stronger mean wind than CAM4 and the corre-
sponding coupled CESM1 model has a larger cold bias
in mean SST than CCSM4, but the ENSO asymmetry is
still relatively larger in CAMS wind-forced runs and
CESM1 relative to CAM4 wind-forced runs and
CCSM4. This improvement mainly results from the
contribution of relatively larger skewness of interannual
wind anomaly in CAMS. Therefore, our analysis sug-
gests that the ENSO asymmetry may be inversely pro-
portional to the magnitude of mean winds and
proportional to the skewness of interannual wind
anomaly. The strong ENSO activity, which is tied to the
variance of Pacific winds, has also been found to be
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accompanied by the strong ENSO asymmetry in many
coupled models (Sun et al. 2016). It should be noted
that the present study only focuses on NCAR models.
It is possible that the poor simulation of ENSO asym-
metry in other models may have different reasons.
Further studies are needed to explore a new metric for
the representation of ENSO asymmetry in coupled
models that reflects the effect of tropical Pacific wind
characteristics.
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